Since the discovery of the first gene causing holoprosencephaly (HPE), over 500 patients with mutations in genes associated with non-chromosomal, non-syndromic HPE have been described, with detailed descriptions available in over 300. Comprehensive clinical analysis of these individuals allows examination for the presence of genotype-phenotype correlations. These correlations allow a degree of differentiation between patients with mutations in different HPEassociated genes and for the application of functional studies to determine intragenic correlations. These early correlations are an important advance in the understanding of the clinical aspects of this disease, and in general argue for continued analysis of the genetic and clinical findings of large cohorts of patients with rare diseases in order to better inform both basic biological insight and care and counseling for affected patients and families.
Introduction
Holoprosencephaly (HPE) can be caused by chromosomal anomalies, result from teratogenic exposure, occur as part of a syndrome, or be due to mutations in one of over 12 known HPE-associated genes. Mutations in SHH, the first such gene identified, were shown to cause HPE in 1996 [Roessler et al., 1996] . Currently, 4 genes (SHH, ZIC2, SIX3, and TGIF) are routinely analyzed on a clinical basis in patients with HPE [Brown et al., 1998; Wallis et al., 1999; Gripp et al., 2000; Dubourg et al., 2007] .
In the approximately one-and-a-half decades since the discovery of SHH as a cause of HPE, advances in the understanding of the molecular pathogenesis of the condition, combined with comprehensive clinical analyses of patients allows for analysis of genotype-phenotype correlations. Such correlations are still in the early phases, but it is possible to begin to distinguish between groups of patients with HPE due to mutations in different genes. Additionally, within cohorts of patients with mutations in the same gene, the use of functional analyses allows exploration of intragenic genotype-phenotype correlations.
Finally, while the individual genes are considered alone here, it is critical to keep in mind that the complex pathogenesis of HPE appears to involve multiple interacting factors.
In the following discussion, after a brief description of common clinical findings, the known HPE-associated genes will be discussed in turn, and then analyzed as a group. Analysis of patients with mutations in each of these genes raises salient points regarding patients with HPE as a whole, including those in whom the genetic cause is unknown. Further, analysis of the clinical features of affected patients makes three specific conclusions quite clear. First, there is a pressing need for functional analyses in order to better inform clinicians, families, and diagnostic laboratories of the nature of identified variants in order to determine if they are truly mutations. Second, the establishment of robust genotype-phenotype correlations depends on thorough genetic and clinical analyses of a large number of individuals at both ends of the phenotypic spectrum, as well as the active research participation of relatives through their primary care-givers. In the case of a rare disorder such as HPE, the establishment of cooperative international research groups is imperative to increase our understanding of the disease to better inform clinicians and to optimally treat affected patients and families.
General Characteristics
Non-chromosomal, non-syndromic HPE is classically considered an autosomal dominant condition with incomplete penetrance and highly variable expressivity. Studies attempting to explain the wide spectrum of the effects of a single mutation even within a single kindred are still pending, but many lines of analysis, including extrapolation from animal models, point to a complex pattern of inheritance combining multiple interacting genetic and environmental factors [Reviewed in Krauss, 2007 and Schacter and Krauss, 2008; Ming and Muenke, 2001; Lacbawan et al., 2009] .
HPE may be recognized in utero because of abnormalities on fetal imaging [reviewed in Volpe et al., 2009] . After birth, HPE is more commonly recognized due to facial findings consistent with the diagnosis and/or abnormalities on neurological examination. Neuroradiological or pathological studies confirm the diagnosis [Plawner et al., 2002; Lazaro et al., 2004; Stashinko et al., 2004; Dubourg et al., 2007 ; see Hahn and Barnes review on neuroimaging, this issue]. A common facial appearance occurs in most patients with HPE (the notable exception is patients with ZIC2 mutations) [Solomon et al., under review] . In general, the long-standing observation that "the face predicts the brain" holds true: in patients with typical facial abnormalities, the severity of facial findings generally correlates with the degree of brain anomalies and with survival [DeMyer et al., 1964; Muenke and Beachy, 2001; Stashinko et al., 2004; Lacbawan et al., 2009] .
At the most severe end of the spectrum, patients may have pronounced microcephaly and cyclopia or synophthalmia below a proboscis. Less-severely affected infants have microcephaly (though hydrocephalus can lead to macrocephaly), hypotelorism, midface hypoplasia with a flat nasal bridge, cleft lip and or/palate, and a single maxillary central incisor (SMCI). Individuals with no abnormalities appreciated on conventional neuroimaging may have subtle facial findings including hypotelorism, a sharp and narrow nasal bridge, and SMCI [Muenke & Beachy, 2001; Lacbawan et al., 2009; Solomon et al., 2009] . These individuals, who are diagnosed with "microform" HPE, are identified due to a severely-affected relative (Fig. 1) . It is important to note that even those who have pathogenic mutations in HPE-causing genes and who have clear microform HPE may have no cognitive impairment. Similarly, not all carriers of deleterious mutations manifest clinically detectable facial or cognitive abnormalities (see Table I , Fig. 2 ) [Muenke lab, unpublished data] .
In addition to the facial appearance, a characteristic clinical pattern occurs in patients with non-syndromic, non-chromosomal HPE. The most pressing clinical issue commonly is severe neurological impairment, which is universal in patients with structural brain anomalies of the HPE type. The range of impairment is wide; some patients are among the most-severely impaired of any disorder compatible with life, while other patients may be able to walk, eat by mouth, and communicate. To some extent, the degree of impairment can be predicted by the degree and type of brain anomalies, though exceptions abound [Plawner et al., 2002; Hahn et al., 2006; Roesler et al., 2006] .
Seizures are frequent in patients with HPE. Seizures may be underappreciated, especially in cognitively very impaired patients, and can be difficult to control [Hahn et al., 2003] . The diagnosis and management of seizures may be further complicated by electrolyte imbalances secondary to diabetes insipidus. Autonomic instability affecting temperature control and cardiac and respiratory function can also extremely challenging to manage.
Posterior pituitary insufficiency manifesting primarily as diabetes insipidus (DI) is common. DI may rarely be the presenting sign of HPE, especially in patients with a relatively normal facial appearance. Anterior pituitary insufficiency and other endocrinological disorders may manifest, but tend to be far less frequent and linked to a narrower subset of genes including GLI2 [Roessler et al., 2003; Lazaro et al., 2004; Hahn et al., 2005; Roessler et al., 2005] .
SHH (Sonic Hedgehog; OMIM# 600725)
More families with mutations in SHH have been reported than with mutations in any other gene, accounting for up to 12% of propositi [Roessler et al., 2009a] . Hence, patients with mutations in SHH are sometimes considered the "prototypical" HPE patient. A number of very large families segregating mutations in SHH have been identified, typically only after the diagnosis of a severely-affected propositus. These families epitomize the highly variable expressivity described in many autosomal dominant disorders [Muenke et al., 1994] . Approximately 10-30% of mutations in SHH occur de novo. The presence of structural brain anomalies in patients with SHH mutations is estimated to be approximately 45%, while the penetrance of any manifestations (including microform HPE) is estimated to be approiximately 90% [Muenke lab, unpublished data] . However, penetrance estimates may be skewed for a variety of reasons. For example, penetrance may be underestimated: in multiple separate kindreds, many mutation-positive individuals were noticed to have microform holoprosencephaly, including microcephaly, hypotelorism, and SMCI, only after mutation testing demonstrated the presence of the same mutations found in a severelyaffected relative [Ardinger et al., 1988; Roessler et al., 1996] . Conversely, testing of only obviously affected patients would lead to a disproportionate underestimation of mutation prevalence in individuals on the milder end of the phenotypic spectrum.
ZIC2 (Zinc Finger Protein of Cerebellum 2; OMIM# 603073)
Mutations in ZIC2 are estimated to occur in up to 9% of propositi [Roessler et al., 2009b; Solomon et al., under review] . ZIC2 mutations tend to occur de novo much more frequently than mutations in other HPE-associated genes, with mutations occuring de novo in approximately 72% of proposite. In contrast to SHH and SIX3, the other two genes most commonly associated with non-chromosomal, non-syndromic HPE, there are no families identified with mutations in ZIC2 in which the mutation has been ascertained in more than 2 generations. As with other HPE-associated genes, germline mosaicism occurs not infrequently, and must be considered in genetic counseling scenarios when a mutation found in a propositus does not occur in DNA samples obtained from the parents Solomon et al., under review] . Unlike other genes, mutations in ZIC2 tend to result in full HPE, and patients with mutations much less frequently demonstrate mild HPE signs.
Almost 90% of patients with mutations in ZIC2 have structural brain anomalies, and it is rare that a parent with a mutation will not show clear signs of cognitive impairment [Solomon et al., under review] .
Mutations in ZIC2 also give one of two clear examples in which the face does not predict the brain, as opposed to the prevailing idea regarding HPE for over four decades [DeMyer et al., 1964] . Recent analysis of a large cohort of patients with mutations in ZIC2 shows a common facial phenotype consisting of bitemporal narrowness, upslanting palpebral fissures, a flat nasal bridge, a short nose with anteverted nares, a broad and deep philtrum, and large ears [Solomon et al., under review] .
SIX3 (Sine Oculis Homeobox, Drosophila, Homolog of, 3; OMIM# 603714)
Mutations in SIX3 are estimated to occur in up to 5% of propositi with HPE [Dubourg et al., 2007; Lacbawan et al., 2009; Muenke lab, unpublished data] . Similar to SHH, large families segregating mutations are typically ascertained only after the identification of a severely affected patient. Also like SHH, multiple kindreds have been described in which many individuals with mutations have subtle microform HPE . The majority of mutations are inherited, with a de novo mutation rate estimated at 14%. Interestingly, of the 4 genes most commonly associated with HPE, SIX3 is the only one with a statistically significant over-representation of affected females [Keaton et al., 2009; Lacbawan et al., 2009; Solomon et al., under review, Muenke Lab, unpublished data] .
While the presence of structural brain anomalies due to mutations in SIX3, at approximately 65% of mutation-positive patients, is intermediate between SHH and ZIC2, it has been posited that mutations in SIX3 result in relatively severe HPE . When applied to propositi only, this observation was borne out by a recent large-scale analysis of all known patients with mutations in SIX3 . Unlike HPE due to mutations in other genes, patients with HPE brain anomalies due to SIX3 mutations are most likely to have alobar, rather than semilobar HPE.
Finally, SIX3 shows an early instance of the use of functional studies to analyze potential genotype-phenotype correlations. Using results from a functional assay in zebrafish, it was possible to show that predictions of mutation severity in the animal model correlates with human severity of HPE [Domené et al., 2008; Lacbawan et al., 2009] . This study shows the power of functional studies in the interpretation of human mutation data; similar studies of mutations in other genes are critical for improved understanding of the causative effects of specific mutations, which will also directly translate to the clinical realm.
TGIF (Transforming Growth Factor-Beta Induced Factor; OMIM# 602630)
Of the 4 genes commonly tested in clinical laboratories, mutations in TGIF are by far the least common, occurring in approximately 1 to 2% of propositi [Dubourg et al., 2007; Keaton et al., in preparation] . TGIF is the only gene in which a family has been described where two clinically normal parents each contributed a mutant allele of the same gene to a severely affected propositus, though it must be said that only one of these alleles was clearly pathogenic [El-Jaick et al., 2007] .
This family raises an important point. In the clinical scenario, finding variations in TGIF and other HPE-associated genes can be challenging to interpret, highlighting a common issue in genetic conditions in which most genetic variations are family-specific. While the deleterious effects of nonsense and frameshift mutations are usually clear, other variations may or may not have functional effects [El-Jaick et al., 2007] . Additionally, the role that alterations in TGIF play in causing HPE may be less completely understood than with other genes, which also muddies issues.
GLI2 (Gli-Krüppel Family Member 2, OMIM# *165230)
GLI2 is a large gene (>4,500 bp coding) in which many uncommon variants have been detected, but relatively few cases have been described in which loss-of-function has been clearly demonstrated. Patients with mutations shown to be loss-of-function (by formal experiments) indicate the presence of a common spectrum of microform HPE (SMCI or midline clefting) and anterior pituitary dysfunction, as well as polydactyly. Reported exceptions to this common GLI2 phenotype highlight the problem of the lack of a commonly accepted mechanism to test the functionality of new variants in a large gene [Roessler et al., 2003; Roessler et al., 2005; Rahimov et al., 2006; Muenke lab, unpublished data] . The fact that patients with mutations in GLI2 appear to have abnormalities (eg, anterior pituitary insufficiency and polydactyly) not seen in most patients with nonchromosomal, non-syndromic HPE emphasizes the importance of a thorough clinical evaluation that takes into account features not typically seen as part of the HPE spectrum.
Other Genes
Patients with mutations in other genes have been described, though these genes are not typically sequenced except on a research basis. Of note, the recent advent of oligonucleotide microarray analysis may reveal more about the consequence of copy number changes affecting these loci, though it may be challenging to interpret the consequences of gain or loss of nearby genes and regulatory regions Muenke lab, unpublished data] .
Patients with HPE-spectrum anomalies and mutations in PTCH1 do not appear to demonstrate findings outside typical HPE . Mutations in NODAL may result in HPE, but are more commonly associated with cardiac and laterality defects [Roessler et al 2009d] . Similarly, mutations in FOXH1 (part of the NODAL signaling pathway) may result in cardiac defects or overt HPE . Two patients have been reported with mutations in TDGF1 (CRIPTO), one with a midline brain anomaly and one with HPE [de la Cruz et al., 2002] . Finally, patients with loss-of-function mutations in DISP1 may have normal brain structure and development, but may have facial features usually seen in conjunction with frank HPE [Roessler et al 2009c] .
Further Statistical Analysis of Combined Results

1) Analysis of structural brain anomalies in all mutation-positive individuals-
A statistically significant association was found between the involved gene and whether or not structural brain anomalies (SBA) were present in all patients with mutations (χ 2 (3) = 42.8, p<0.0001) (Figure 2) . After aggregating the information by gene, we compared the proportion of patients with SBA to those without known SBA. This latter group, in whom neuroimaging was not typically indicated nor performed, includes patients with clear microform features and individuals described as phenotypically normal. Two statistically significant differences were found, one in ZIC2 (χ 2 (1) = 108.4, p<0.0001) and the other in SIX3 (χ 2 (1) = 13.59, p<0.001), showing that when mutations in these genes are present, it is more likely to find patients with SBA than without SBA. We further compared the proportion of patients among all genes and found that the proportion of patients with SBA is not statistically the same for all genes (χ 2 (3) = 79.32, p<0.0001). Specifically, mutations in ZIC2 are responsible for ∼3% of SBA cases overall. Likewise, the proportion of patients without SBA differs among genes (χ 2 (3) = 79.32, p<0.0001), and mutations in SHH are responsible for 48% of patients without SBA.
2) Analysis of variable expressivity-We used the absolute number of patients with molecular changes to present, analyze and plot our data (Tables I and II) . Unless specified, χ 2 -based tests were performed and based-on-simulation p-values were calculated to compare the distribution of HPE types attributed to each gene for both all individuals with mutations ( Fig. 3a) and separately for propositi only (Fig. 3b) . We considered potential differences in mutation distribution among HPE patients with SBA (thus excluding non-penetrant carriers and microform patients), and looked for differences in the distributional pattern in patients with SBA and those with each HPE type. To do this, we assumed the total SBA group to be the true distribution among the HPE genes and the distribution of each HPE type to be similar, or different, from this core pattern. We used R 2. Side-by-side comparison: We performed a side-by-side comparison of the distribution of HPE types (excluding MIHV due to information paucity) among patients with SBA, plotted separately for all mutation-positive individuals (Fig. 3a) and propositi (Fig. 3b) . The distribution of anatomical HPE types among the genes is statistically the same when calculated separately for both all mutation-positive individuals and for propositi alone.
Distribution of mutation-positive patients among HPE types
All mutation-positive individuals: The contribution of each gene to a particular anatomical type was not equal among the three major genes (SHH, ZIC2 and SIX3) . This likely reflects the fact that the mutation detection rate in prospective cases is not the same for each gene. Interestingly, ZIC2 was more likely to be associated with semilobar HPE, and patients with microform findings were more likely to have SHH mutations. Statistically significant differences in mutation distribution among the HPE genes (assuming that these genes are equivalent risk factors) were found for the SBA category (χ 2 (3) = 59.5, p<0.0001) as well as for patients with alobar (χ 2 (3) = 21.5, p<0.0001), semilobar (χ 2 (3) = 35.5, p<0.0001) and microform (χ 2 (3) = 55.4, p<0.0001) HPE. We note that this assumption of equivalence is not supported by the empirical data and mutation detection rate of prospective molecular studies. With the exception of microform HPE, in which mutations in SHH are more common (45/72 patients), mutations in ZIC2, followed by mutations in SIX3, were more frequently observed than mutations in any other gene for the rest of the HPE cohort. This suggests that whereas patients with alobar, semilobar or lobar HPE are likely to have mutations in either ZIC2 or SIX3, patients with microform HPE are more likely to have mutations in SHH.
Propositi: Similarly, the distribution of mutation-positive patients among the HPE genes in the SBA group (χ 2 (3) = 67.1, p<0.0001) as well as those with alobar (χ 2 (3) = 19.6, p<0.0001) and semilobar (χ 2 (3) = 40.9, p<0.0001) HPE are statistically different from the hypothesis that all genes are equal contributors to these disease types. In other words, the contribution to each anatomical class is not equal for the four genes. Whereas propositi with SBA who have either alobar or semilobar HPE are more likely to have a ZIC2 mutation, it is not possible to determine which HPE genes are associated with lobar HPE based on this data. Further, despite the low numbers, SHH mutations seem to be responsible for most microform HPE (7/10 patients).
The spectrum of mutations seen in the structural brain anomalies (SBA) vs. HPE anatomical types: Using the SBA information as the expected number of HPE patients with mutations in each of the four principal HPE genes, we looked for discrepancies as follows:
(1) based upon SBA data, we calculated the observed percentage of cases with mutations in each gene; then, (2) we used this percentage to estimate the expected number of mutations within each HPE type; and (3) we performed a χ 2 -based test to detect any pattern changes. We found that in both all mutation-positive individuals (Figure 3a ) and for propositi alone (considered as a group, Figure 3b) , the distribution of cases with microform HPE is the only group that significantly differs from these expectations (mutation carriers: χ 2 (3) = 76.6, p<0.0001; propositi: χ 2 (3) = 20.3, p<0.001).
Genotype-phenotype correlation: After excluding MIHV due to the paucity of information, we fit a uniform association model (Agresti, 1996 ; section 7.2.1) for our all mutation-positive and propositi-only data sets separately, considering the HPE types and the HPE genes as ordinal and nominal variables, respectively. For the HPE types, a unit-spaced scores ranging from 1 to 4 were used (1 = microform, 2 = lobar, 3 = semilobar and 4 = alobar HPE). Our results suggest that patients in both groups, patients with the most severe HPE phenotypes are more likely to have mutations in either SHH or ZIC2 (all mutation positive patients: G 2 = 80.7, df = 8, p<0.0001; propositi: G 2 = 50.7, df = 8, p<0.0001).
Discussion
We present here the first systematic analysis of possible genotype-phenotype correlations in human HPE. The results described above demonstrate that progress has been made in understanding the clinical correlations of HPE-associated mutations. However, this progress is still certainly just a start. Much work remains to more fully understand HPE on a number of levels, including the way in which multiple genetic and environmental mechanisms interact to result in disease.
First, the identification of a mutation does not yet allow satisfying prediction of outcome, either in a research setting or in the clinical realm. Continued work on the molecular basis of HPE-spectrum defects, including robust functional analyses will hopefully address the biological meaning of variations in HPE-associated genes.
Second, in order to better understand the broad HPE spectrum, it is critical to expand our diagnostic approach to include a more thorough analysis of both propositi and family members, especially including mildly-affected individuals. Areas in which data are lacking should be addressed by: a careful examination including attention to features not traditionally seen as part of the HPE spectrum; a robust family history; molecular characterization to include both parents as well as other relatives when applicable, complete physical examination, neuroimaging (with analysis by those familiar with HPE) and neuropsychological evaluation of affected family members.
Third, to accomplish the previous point, it is vital to recognize that HPE is a rare disorder, and most clinical geneticists will only encounter a few affected patients. In order to fully understand the clinical features of this disorder, clinicians must continue to collaborate with researchers studying the condition. Along these lines, international testing centers who commonly perform genetic testing of patients with HPE must continue to recognize the importance of collaboration with other groups. With focused collaborative work between clinicians and researchers who encounter these patients, our understanding of the complex pathogenesis of HPE will directly translate to better care for affected patients and families. Facial findings in patients with mutations in HPE-associated genes, showing the range of anomalies. Clockwise from top left, photos show: a patient with alobar HPE due to a deletion of TGIF, with synophthalmia and a proboscis [Münke et al., 1988; Roessler et al., 1996] ; a patient with alobar HPE due to a mutation in SIX3 demonstrating hypotelorism, a flat nasal bridge, colobomata, and a facial cleft ]; a patient with lobar HPE due to a mutation in SIX3, demonstrating relatively mild but clear signs of HPE, including hypotelorism and a flat nasal bridge ]; a patient with microform HPE due to a mutation in SHH, who has a hypotelorism and a single central incisor [Roessler et al., 1996] . All images reprinted with permission Reproduced from: Roessler et al., Proportion of HPE cases among all patients with mutations in the four classic HPE genes by the presence (dark bars) or absence of structural brain anomalies (SBA). Note the non-SBA group consists of individuals with mutations and either microform findings (grey bars) or who were apparently normal by standard clinical criteria yet also mutation positive (light bars). Note that the authors suspect that many individuals described as being clinically unaffected may have unappreciated microform features. Distribution of mutations by HPE anatomical types among all individuals with clinically apparent penetrant findings (SBA or Microform patients with inclusion requiring (1) the presensce of mutation by sequencing and (2) clinical signs of HPE). (a) All affected mutation-positive individuals; (b) a subset including all propositi. The total number of patients in each group of vertical bars is presented in parentheses. Table II HPE type among propositi with mutations in the four most common HPE-associated genes. 
